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Abstract
This  work  investigated  the  role  of  mass-transfer  interfacial  area  in  the  biodiesel
production using the acid-catalyzed esterification process. The interfacial area between
alcohol and oil feedstock was determined by conducting acid-catalyzed esterification
experiments using methanol and oleic acid (as free fatty acid) under ranges of five
process parameters: reaction temperature (45–65°C), agitation speed (200–400 rpm),
methanol-to-oil ratio (3:1–9:1 mol/mol), catalyst concentration (0.5–2.0%), and concen-
tration of free fatty acid (5–30%). Effects of these parameters on the biodiesel conversion
rate and the interfacial area were quantified. An empirical correlation for the interfacial
area  was  developed  as  a  function  of  process  parameters.  Results  show  that  the
enhancement  of  biodiesel  production  rate  is  attributed  to  reaction  kinetics  and/or
interfacial area. The interfacial area is the sole contributor to the increase in biodiesel
production rate due to the increase in methanol-to-oil ratio and agitation speed. Both
kinetics and interfacial area contribute to the increase in biodiesel production rate due
to  the  reaction  temperature  and  catalyst  concentration.  The  interfacial  area  plays
negligible role in the change in biodiesel production rate due to the free fatty acid
content.
Keywords: biodiesel, esterification, mass-transfer interfacial area, reactor design, hy-
drodynamics, parametric effects
1. Introduction
Energy use is considered to be the most fundamental requirement for various human activities,
especially in the industrial, transportation, and agricultural sectors. Among different kinds of
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fuels, petroleum constitutes the majority of the world’s energy supply. However, petroleum is
a finite and nonrenewable energy source, which has already caused serious environmental
pollution. Therefore, a sustainable, affordable, and environmentally friendly alternative to
petroleum is urgently needed.
Biodiesel is considered to be an important alternative to conventional petroleum-based diesel
[1]. It is nontoxic, and biodegradable, offers lower emissions of a number of air pollutants, can
be used in typical diesel engines without any major modifications, and has greater lubricity
than conventional diesel, thus reducing corrosion in diesel engines [2]. Biodiesel can be used
in its pure form called B100 (100% biodiesel) or in a blend with different proportions of
conventional diesel fuels. Common blends include B20 (20% biodiesel and 80% conventional
diesel), which are much closer to diesel fuel properties than B100 and B5 (5% biodiesel and
95% conventional diesel).
In the typical biodiesel production process, the catalyzed transesterification or esterification
reaction is carried out in a multiphase reactor where the two immiscible chemical reactants
(oil feedstock and alcohol-containing catalyst) are brought into contact using different agita-
tion or mixing mechanisms. Because the cost of biodiesel production depends heavily on the
cost of raw materials, using low-quality feedstocks such as waste cooking oils or nonedible
oils instead of high-quality feedstocks will significantly reduce the biodiesel production
cost. However, low-quality feedstocks have high content of free fatty acids (FFAs), which
can react with the alkaline catalyst and produce soaps. This side reaction in the alkali-cata-
lyzed transesterification process will reduce the catalyst efficiency and the biodiesel conver-
sion rate. Additionally, the formation of soaps will make the later purification process
difficult. As a result, the undesired side reactions caused by FFAs will increase the cost of
biodiesel production. Therefore, when using low-quality feedstocks for biodiesel produc-
tion, the content of FFAs must be reduced to an acceptable level (typically below 1% accord-
ing to references [3–5]) before the alkali-catalyzed transesterification process. One efficient
method for removing the FFAs from feedstocks is esterification, where the FFAs react with
alcohol to form ester and water as products.
Due to the nature of the multiphase reaction, the efficiency or rate of biodiesel production relies
heavily on two primary factors: (i) the kinetics of catalyzed transesterification or esterification
reactions and (ii) the hydrodynamics of liquid-liquid mixing promoted by reactor design and
operation. In order to arrive at a high-efficiency and optimized biodiesel reactor, these two
fundamental features must be understood. To date, a large quantity of biodiesel research works
has been carried out in many different aspects, such as production rate and the quality of
biodiesel products derived from different feedstocks, kinetic studies to find optimal reaction
conditions for achieving higher yields, and use of enzyme and heterogeneous catalysts as an
alternative to the conventional homogeneous catalysts [6–11]. Most kinetic works reported
biodiesel conversion profiles as a function of reaction time under specific reaction conditions
and for specific types of reactor design and operation. As such, the reported kinetic data
essentially reflect the combined performance of both reaction kinetics and hydrodynamics of
liquid-liquid reaction systems.
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Despite its importance to the development of high-performance reactors, the knowledge of
hydrodynamics or mass-transfer interfacial area (ae) between the two immiscible reactants
during biodiesel reaction is very limited. Only one study by Stamenkovic et al. [12] relates to
the interfacial area in the biodiesel production process. In their work, the effect of agitation
intensity during the base-catalyzed transesterification of sunflower oil was investigated under
a specific reaction condition, that is, 20°C and alcohol-to-oil ratio of 6:1. There are no other
studies reporting the interfacial area for the acid-catalyzed reaction system.
Therefore, the objectives of this work are: (i) to extend knowledge of interfacial area formed
between immiscible reactants during the acid-catalyzed esterification reaction which can be
used for the design of a high-efficiency reactor, (ii) to investigate the role of process parameters
on interfacial area in the esterification process, and (iii) to develop an empirical correlation for
interfacial area estimation as a function of process parameters. To achieve these objectives, a
series of esterification experiments were performed using a stirred reactor operated under
variable ranges of reaction conditions (Table 1). The experimental results were obtained in
forms of free fatty acid (FFA) conversion profiles which were subsequently used for deter-
mining the interfacial area values.
Process parameter Range
Reaction temperature (°C) 45–65
Agitation speed (rpm) 200–400
Methanol-to-oil ratio (mol:mol) 3:1–9:1
Catalyst concentration (wt%) 0.5–2.0
Free fatty acid concentration (%) 5–30
Type of free fatty acid Oleic acid
Type of catalyst Sulfuric acid
Table 1. Summary of test conditions for esterification experiments.
2. Methods
2.1. Materials
Two sets of chemicals were used in the experiments: (i) reactants and an acid catalyst for the
esterification reaction and (ii) supporting chemicals for liquid sample analysis. For esterifica-
tion experiments, canola oil was used as the base ingredient of oil feedstock. Oleic acid (90%)
from Sigma-Aldrich (Oakville, Ontario) was used as the representative of free fatty acids (FFAs)
commonly found in the feedstock. A predetermined amount of oleic acid was added to the
base canola oil in order to simulate low-quality feedstock. Sulfuric acid (98%) was used as the
acid catalyst, and methanol (99.98%) was chosen to represent the alcohol reactant. Both sulfuric
acid and methanol were purchased from Fisher Scientific (Ottawa, Ontario). For liquid sample
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analysis, toluene (99.9%), isopropyl alcohol (99.9%), and potassium hydroxide (0.1 N) were
used for titrations to determine the acid number or FFA content of the oil phase.
2.2. Experimental setup
The mass-transfer interfacial area (ae) and reaction kinetics between oil feedstock and methanol
were determined by carrying out esterification experiments in a bench-scale reaction system.
As shown in Figure 1, the reaction system consists of a 500-mL glass reactor that is jacketed
for heating/cooling (Ace Glass Inc., USA), a mechanical agitator powered by a variable-speed
drive (Cole-Parmer, Canada), and a water bath with a temperature controller/circulator (Cole-
Parmer, Canada). The reactor was designed for operating pressures and temperatures of up to
35 psig and 100°C, respectively. The reactor head has three connecting ports: one for the
mechanical agitator, one for sampling collection, and one for temperature measurement. A
glass bearing with PTFE coupling was connected to the reactor head to accommodate the
agitator. The sampling port was equipped with a silicone rubber septum, thus making possible
the collection of liquid samples without interrupting the reaction progress. A K-type thermo-
couple connected to a handheld meter was used for monitoring reaction temperature. During
the experiments, a heating medium (i.e., water from the temperature-controlled water bath)
was circulated through the reactor jacket in order to keep reaction temperature constant.
Figure 1. A schematic diagram of the bench-scale reaction system for esterification experiments.
2.3. Experimental procedures
The experiments were conducted in two different modes: (i) esterification tests with a well-
defined interfacial area between oil feedstock and methanol, and (ii) esterification tests with
the complete mixing between the two reactants. The first mode of experiments provided the
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true kinetic features of the esterification reaction, while the second gave the reaction perform-
ance that integrates both kinetic and hydrodynamic effects of the reaction system.
For the experiments with a fixed interfacial area (first mode), the canola oil was mixed with
oleic acid to simulate a low-quality feedstock containing different levels of FFA. A 250 mL of
the prepared feedstock was then transferred into the 500-mL glass reactor and maintained at
a desired reaction temperature. An impeller or agitator was placed in the middle of this oil
phase and set at a particular mixing speed in order to keep the oil phase homogenized but yet
the oil-surface undisturbed. Meanwhile, a predetermined amount of H2SO4 (catalyst) was
mixed with methanol to form a catalyst/methanol mixture with a desired catalyst concentra-
tion. For each experimental run, a 93 mL of catalyst/methanol mixture was used to ensure an
excessive amount of methanol (more than 40 mol/mol ratio) available for reacting with FFA in
the oil phase. Prior to the reaction, the catalyst/methanol mixture was heated to the desired
reaction temperature in a water bath. Once the reaction temperature was reached, the methanol
mixture was transferred into the glass reactor to start the esterification reaction. In order to
keep the interface between the oil phase and the methanol phase undisturbed, a separating
funnel was used to smoothly transfer the preheated catalyst/methanol mixture into the reactor.
For each experiment, the reaction temperature was controlled by the water bath. The reaction
was timed until it reached its equilibrium. During the experiment, a series of samples were
collected from the oil phase at different time intervals. Each sample was transferred into a test
tube and then immersed in cold water at 4°C to quench the reaction immediately. For better
separation of the final mixture, the samples were centrifuged for 5 min at 3000 rpm, and then,
the top layer sample was collected and sent for analysis.
For the experiments with the complete mixing (second mode), each esterification experiment
also began with the preparation of low-quality feedstock by mixing canola oil and oleic acid
at a specific ratio. The FFA content of the prepared feedstock was analyzed in terms of acid
number in accordance with the ASTM D974-04 standard, the details of which are provided
in the next subsection. Following the preparation, a known amount of feedstock was charg-
ed to the reactor and heated to the desired reaction temperature with an accuracy of ±1°C.
The feedstock was also stirred by the agitator at a fixed speed. Once the reaction tempera-
ture was reached, a predetermined amount of methanol/sulfuric acid mixture (with a given
catalyst concentration) was rapidly injected into the reactor to start the esterification reac-
tion. Prior to injection, this alcohol/catalyst mixture was preheated to the reaction tempera-
ture in order to avoid unwanted fluctuation in reaction temperature, especially at the
beginning of the test. Each experimental run was carried out for at least 70 min at the de-
sired temperature and agitation speed. A series of liquid samples (3 mL) were collected from
the reactor at a regular time interval during the experiment. These liquid samples were then
analyzed for their acid number so as to determine the depletion of FFA as a function of time.
2.4. Sample analysis
A 3-mL liquid sample collected from the reactor was transferred to a test tube where 6 mL of
de-ionized water was added. The tube was then capped and shaken vigorously to promote
complete contact between water and the sample. This allowed the methanol and catalyst to
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combine with water, thus separating them from the sample. After being shaken, the test tube
was placed in a centrifuge operating at 4000 rpm for 10 min. The centrifugal force helped
develop two liquid layers, that is, the top layer for oil and the bottom layer for a mixture of
water, methanol, and catalyst. The top layer was then withdrawn from the test tube for FFA
content analysis by ASTM D974-04. A 2-mL sample was taken from the oil phase, weighed for
its mass, and then dissolved in a 100-mL titration solvent (a mixture of toluene, water, and
isopropyl alcohol with a volumetric mixing ratio of 100:1:99). Then, p-naphtholbenzein (the
titration indicator) was added into the sample which was eventually titrated with 0.1 N
potassium hydroxide (KOH) solution. Results from titration were then used for calculating the
acid number (in mg KOH/g oil) based on the following equation:
( ) 56.1Acid number   æ ö- ´ ´= ç ÷ç ÷è ø
A B M
W (1)
where A is the volume of KOH solution required for the titration of the sample in mL, B is the
volume of KOH solution required for the titration of 100 mL of titration solvent in mL, M is
the molarity of the KOH solution, and W is the weight of the sample in grams. The acid number
was then converted to a FFA content value.
2.5. Data analysis
Data obtained from each esterification experiment were composed of a set of FFA content
values (or acid numbers) taken at different reaction times. These data were subsequently used
for determining mass-transfer interfacial area (ae) formed during esterification reaction. The
following demonstrates how kinetic and mass-flux equations were used for the analysis of ae.
The rate of esterification reaction is essentially the rate of FFA conversion into fatty acid methyl
ester (FAME). With the stoichiometric ratio of 1:1, the conversion rate can be expressed as a
function of reactant concentrations (i.e., CFFA for free fatty acid and CAlc for alcohol):
= - =FFA FFA AlcdCrate kC Cdt (2)
where k is the reaction rate constant varying with reaction temperature. Because an excess
amount of alcohol for reaction was used in this experimental study, the conversion rate can be
rewritten in the pseudo–first-order form:
'= - =FFA FFAdCrate k Cdt (3)
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where �′ is the pseudo–first-order constant (�����). It should be noted that, in an immiscible
reaction system (i.e., oil and alcohol), the reaction rate also depends upon the measure of
dispersion or interfacial contact between two immiscible reactants. Due to the involvement of
the interface between oil and alcohol, the rate of FFA conversion can also be expressed in terms
of the mass-transfer flux of FFA (NFFA):
- =FFA e FFAdC a Ndt (4)
where ae is the interfacial area per unit volume of the reaction system. By combining Eqs. (3)
and (4), the mass-transfer flux can be written as a function of FFA concentration:
' æ ö=ç ÷ç ÷è øFFA FFAe
kN Ca (5)
Because the magnitude of constant �′ is proportional to the degree of contact between oil and
alcohol, the �′��  ratio in Eq. (5) can be considered to be a constant value, suggesting that mass-
transfer flux, NFFA, at a given CFFA concentration should have a fixed value. Then, Eq. (5) can be
rewritten as:
' '    constantæ ö æ ö= = =ç ÷ ç ÷ç ÷ ç ÷è ø è øFFA FFA FFAe e Ref
k kN C Ca a (6)
where �′�� ���is the ratio derived from the reference esterification experiments with the well-
defined interfacial area (the first mode experiments). With a known NFFA flux, Eq. (4) can be
rewritten as:
'æ ö- = ç ÷ç ÷è ø
FFA e FFAe Ref
dC ka Cdt a (7)
Integrating the above equation results in the following equation:
,0 'æ öæ ö = ç ÷ç ÷ç ÷ ç ÷è ø è ø
FFA eFFA e Ref
C kln a tC a (8)
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where CFFA,0 is the initial FFA concentration. To determine ae under a given reaction condition,
a plot between �� ����, 0����  and reaction time (t) was developed using the experimental data.
The values of the �′�� ���ratio were obtained as a function of reaction temperature and catalyst
concentration and reported in a separate work. [13]
3. Results and discussion
3.1. Parametric effects on FFA conversion rate and mass-transfer interfacial area
3.1.1. Effect of reaction temperature
The effect of reaction temperature was observed from the experiments carried out at three
different temperatures: 45°C, 55°C, and 65°C and for oil feedstock containing 5%, 15%, and
30% FFA. Other experimental conditions were fixed at 0.5 wt% H2SO4 catalyst, 6:1 methanol-
to-oil ratio, and 300 rpm agitation speed. Results in Figure 2a, b show that the conversion of
FFA proceeded rapidly at the beginning of the reaction period. As much as 80% conversion
(based on initial FFA concentration) was observed within the first 20 min. Then, the conversion
rate diminished significantly when FFA conversion approached the plateau. Both figures also
show that the FFA conversion rate (or slope of FFA conversion profiles at the first reaction
period) increased with reaction temperature regardless of the initial FFA concentration. The
increasing conversion rate was quantified and presented in terms of percent improvement
compared to the conversion rate at 45°C, as shown in Figure 3. It appears that the conversion
rate could be enhanced as much as 160% when the reaction temperature was raised from 45
to 65°C. Both kinetic and hydrodynamic factors (ae) contribute to the rate improvement.
Between the two factors, the kinetics plays the major role in controlling the conversion of FFA.
As for the role of temperature on ae, results in Figure 2c show that ae increases with temperature.
The ae could increase approximately 30 - 60% when the temperature increases from 45°C to
65°C. This is due to the decrease in liquid density and viscosity with increasing temperature.
The dependence of density and viscosity of oil on temperature was previously reported by [14,
15]. According to [16], the rate of any reactions in an immiscible liquid-liquid system is
controlled by the mass transfer of chemical species across the interface between the two liquids.
For the FFA esterification, mass-transfer interfacial area is dependent upon the dispersion level
of methanol in the oil feedstock, which is usually controlled by mixing characteristics (e.g.,
flow, shear, and turbulence). Such mixing characteristics are ultimately dependent upon
physical properties, especially the density and viscosity of liquids. This is supported by the
fact that Reynolds number (Re) is a function of density and viscosity [17]. Therefore, an increase
in reaction temperature causes the density and viscosity of liquids to drop, thus allowing
methanol to easily disperse in oil.
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Figure 2. Effect of temperature on esterification performance: (a) FFA conversion profiles for initial FFA concentration
of 5%; (b) FFA conversion profiles for initial FFA concentration of 30%; and (c) interfacial area at different temperatures
(300 rpm agitation speed, 0.5 wt% of catalyst, 6:1 methanol-to-oil ratio).
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Figure 3. Hydrodynamic and kinetic contributions for effect of reaction temperature on FFA conversion rate (300 rpm
agitation speed, 0.5 wt% of H2SO4, and 6:1 mol/mol methanol-to-oil ratio).
3.1.2. Effect of methanol-to-oil ratio
The effect of methanol-to-oil ratio was investigated under 0.5 wt% H2SO4, 300 rpm agitation
speed, 45°C and 65°C reaction temperature, for three different FFA concentrations (5%, 15%,
and 30%). It was found that methanol-to-oil ratio has a significant impact on FFA conversion
performance. An increase in methanol-to-oil ratio enhances the conversion rate for all test
conditions. From Figure 4a, b FFA conversion rate could be improved by as much as 30 - 35%
when methanol-to-oil ratio increases from 3:1 to 9:1. The increasing conversion rate is due to
a significant increase in interfacial area ae. As shown in Figure 4c, d, the area ae increases by 2.1
5.3 times when methanol-to-oil ratio increases from 3:1 to 9:1. This is due to the greater amount
of methanol available for dispersion in the oil phase.
Based on the analysis shown in Figure 5, the improvement in FFA conversion rate due to
increasing methanol-to-oil ratio is primarily caused by ae, not reaction kinetics. This is be-
cause the increasing methanol-to-oil ratio leads to more dispersion of methanol, which in
turn provides a greater interfacial area for esterification reaction. On the contrary, increasing
the amount of methanol in oil does not result in any changes in concentration of methanol at
the reaction interface; thus, the reaction kinetics is unaffected.
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Figure 4. Effect of methanol-to-oil ratio on esterification performance: (a) FFA conversion profiles at 45°C for initial
FFA concentration of 30%; (b) FFA conversion profiles at 65°C for initial FFA concentration of 30%; (c) interfacial area
plotted against methanol-to-oil ratio at 45°C; and (d) interfacial area plotted against methanol-to-oil ratio at 65°C (300
rpm agitation speed, 0.5 wt% of catalyst).
3.1.3. Effect of agitation speed
The effect of agitation speed on FFA conversion was investigated by varying the agitation
speed from 200 to 300 rpm and further to 400 rpm. The investigation was done for three
different FFA concentrations (5%, 15%, and 30%) at 0.5 wt% H2SO4, 6:1 methanol-to-oil ratio,
and 45°C and 65°C. Results show that agitation speed has an impact on FFA conversion per-
formance. As shown in Figure 6a, b, increasing agitation speed from 200 to 300 rpm leads to
a significant increase in the conversion rate. For instance, the rate could be improved by
150% at the reaction temperature of 45°C for oil feedstock containing 5% FFA (Figure 7).
However, it should be noted that raising agitation speed further from 300 to 400 rpm leads
to only a small increase in the rate of FFA conversion. It is apparent that the improvement
under fixed reaction conditions (excluding agitation speed) was solely caused by an increase
in ae, not reaction kinetics. Raising agitation speed induces more turbulence, thereby creat-
ing smaller size methanol droplets in oil and in turn providing a greater ae for esterification
reaction. The increase in ae is evidenced in Figure 6c, d.
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Figure 5. Hydrodynamic and kinetic contributions for the effect of methanol-to-oil ratio on FFA conversion rate: (a)
reaction temperature of 45°C; (b) reaction temperature of 65°C (test conditions = 300 rpm agitation speed and 0.5 wt%
of H2SO4).
It should be noted that the degree of rate improvement also depends on reaction temperature.
This exhibits an interaction effect between agitation speed and temperature. The effect of
agitation speed at a lower reaction temperature (45°C) is much greater than the effect at the
higher temperature (65°C). This behavior can be explained by comparing the magnitude of
interfacial area formed at these two temperatures. From Figure 6c, d it can be seen that the
higher temperature (65°C) tends to offer a greater area, ae, than the lower temperature (45°C)
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does. This is due to the reduction in density and viscosity of liquid mixtures with an increase
in temperature. Therefore, increasing agitation speed at 65°C, where the higher ae is already
established, does not yield a much greater improvement in conversion rate.
Figure 6. Effect of agitation speed on esterification performance: (a) FFA conversion profiles at 45°C for initial FFA con-
centration of 5%; (b) FFA conversion profiles at 65°C for initial FFA concentration of 30%; (c) interfacial area plotted
against agitation speed at 45°C; and (d) interfacial area plotted against agitation speed at 65°C (6:1 methanol-to-oil ra-
tio, 0.5 wt% of catalyst).
As mentioned previously, raising agitation speed beyond 300 rpm does not have much impact
on the conversion rate of FFA. This can be explained by considering the conventional power
correlation for agitated reaction. According to McCabe et al. [18], the power number, NP, for
the typical stirred reactor (i.e., an index that reflects friction preventing the impeller rotation)
tends to decrease with the Reynolds number (Re), especially at low and moderate turbulence
regions, while it remains virtually unaffected by the Reynolds number under highly turbulent
conditions. This suggests that the effect of agitation speed should be gradually diminished
with the increasing level of system turbulence. This behavior was observed in this work. The
ae increases considerably due to the significant reduction in friction on the impeller when
agitation speed increases from 200 to 300 rpm. However, when agitation speed increases from
300 to 400 rpm, despite the increase in turbulence, the friction on the impeller does not diminish
much further. This indicates that the friction may reach its minimum for a given system
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geometry that accounts for the design and dimensions of the reaction system as well as the
type of fluid in the reactor. As such, the degree of mixing does not improve, causing the
interfacial area, ae, to remain unchanged. This in turn results in the stabilization of the FFA
conversion rate.
Figure 7. Hydrodynamic and kinetic contributions for the effect of agitation speed on FFA conversion rate (0.5 wt% of
H2SO4 and 6:1 methanol-to-oil ratio).
3.1.4. Effect of catalyst concentration
The effect of catalyst concentration was studied by varying H2SO4 concentration from 0.5 to
2.0 wt%. The effect was examined for three FFA concentrations (5%, 15%, and 30%) and two
reaction temperatures (45°C and 65°C) at 6:1 methanol-to-oil ratio and 300 rpm agitation
speed. Results in Figure 8a, b show that an increase in H2SO4 concentration leads to an en-
hancement of FFA conversion performance for all test conditions. For instance, the conver-
sion rate can be improved by 70% when H2SO4 concentration increases from 0.5 to 2.0 wt%
at 45°C. Both hydrodynamics and kinetics were found to contribute to such improvement as
shown in Figure 9. The hydrodynamic contribution (or an increase in ae) results from the
reduction in liquid viscosity. Note that the hydrodynamic contribution is not as significant
as the kinetic contribution at a higher temperature (i.e., 65°C). This is supported by the re-
sults in Figure 8c, d which show that the change in ae with H2SO4 concentration is relatively
small at the higher temperature.
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Figure 8. Effect of catalyst concentration on esterification performance: (a) FFA conversion profiles at 45°C for initial
FFA concentration of 30%; (b) FFA conversion profiles at 65°C for initial FFA concentration of 30%; (c) interfacial area
plotted against catalyst concentration at 45°C; and (d) interfacial area plotted against catalyst concentration at 65°C
(300 rpm agitation speed, 6:1 methanol-to-oil ratio).
3.1.5. Effect of FFA concentration in oil feedstock
The effect of FFA concentration was examined over ranges of operating conditions, that is, 45
- 65°C reaction temperature, 200 - 400 rpm agitation speed, 3:1 - 6:1 methanol-to-oil ratio, and
0.5 - 2.0 wt% catalyst concentration. The results in Figure 10 show that FFA concentration plays
an important role in the FFA conversion performance. An increase in FFA concentration causes
the conversion rate to decrease. However, it should be noted that the hydrodynamics of the
reaction system in this case does not contribute to the changes in FFA conversion rate since the
interfacial area, ae, does not vary with FFA concentration in oil (Figure 11). It seems that the
unaffected ae is a result of the invariable physical properties of oil feedstock. According to
Kulkarni et al. [19] and Zhou et al. [20], the viscosity and density of canola oil (base ingredient
of oil feedstock) and oleic acid (FFA) are in similar ranges. The density of canola oil and oleic
acid is 0.912 and 0.90 g/mL, while the viscosity of canola oil and oleic acid is 33.4 and 34.8 cP,
respectively. Due to the similar properties of the two ingredients, increasing FFA concentration
from 5 to 30% does not considerably alter the viscosity and density of the oil mixture. The
unchanged oil properties help establish the stable turbulence level within the reaction system,
thus keeping the interfacial area, ae, relatively unchanged.
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Figure 9. Hydrodynamic and kinetic contributions for the effect of catalyst concentration on FFA conversion rate: (a)
reaction temperature of 45°C; (b) reaction temperature of 65°C (test conditions = 300 rpm agitation speed and 6:1 meth-
anol-to-oil ratio).
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Figure 10. Effect of FFA concentration on esterification performance: (a) based on temperature data series; (b) based on
agitation speed data series; (c) based on catalyst concentration data series; and (d) based on methanol-to-oil ratio data
series.
3.2. Empirical correlation for mass-transfer interfacial area
The effects of process parameters on the interfacial area reported earlier were correlated in the
form of an empirical equation that would facilitate the design of a biodiesel reactor. Develop-
ment of the correlation was focused primarily on four important parameters controlling the
interfacial area between methanol and oil feedstock, that is, reaction temperature, agitation
speed, methanol-to-oil ratio, and catalyst concentration. Firstly, the effect of each process
parameter was regressed individually to arrive at the best mathematical expression offering
simplicity and the lowest data deviation. Four types of mathematical expressions were
considered in this screening step: linear, exponential, logarithmic, and power forms. It was
found that most parametric effects can be described by linear expressions, except for the effect
of agitation speed, the nonlinear behavior of which can be expressed well by the logarithmic
equation. Values of average absolute deviation (%AAD) and R2 derived from individual
regressions are summarized in Table 2.
Based on the selected equations in the screening step, an overall empirical correlation that
combines all four parametric effects was formulated and expressed in the following form:
( )1 2 3 4 5 6  ln      ea k T k n k k R k c k= + - + + + (9)
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where k1 to k6 are correlation constants, T is reaction temperature in K, n is agitation speed
in rpm, R is methanol-to-oil ratio in mol/mol, and c is catalyst concentration in wt%. The
calculated interfacial area (ae) is presented in m2/m3 units. Based on all experimental data
obtained in this study, a computer-software package called “NLREG” was used for regres-
sion to arrive at values of correlation constants (k1 to k6) as listed in Table 3. It should be
noted that this empirical correlation is capable of predicting methanol-oil interfacial area
with an average absolute deviation (AAD) of 12%. A good agreement between the calculat-
ed ae values and experimental data can be observed from a parity plot in Figure 12, which
shows a R2 value of 0.88.
Figure 11. Effect of FFA concentration on mass-transfer interfacial area: (a) based on temperature data series; (b) based
on agitation speed data series; (c) based on catalyst concentration data series; and (d) based on methanol-to-oil ratio
data series.
Process parameter Mathematical expression %AAD R2
Temperature (T) ae = �1� + �2 4.06 0.91
Methanol-to-oil ratio (R) ae = �1� + �2 13.34 (45°C)14.68 (65°C) 0.89 (45°C)0.82 (65°C)
Agitation speed (n) ae = �1ln(� − �2) + �3 16.81 (45°C)3.64 (65°C) 0.83 (45°C)0.96 (65°C)
Catalyst concentration (c) ae = �1� + �2 11.09 (45°C)11.09 (65°C) 0.69 (45°C)0.48 (65°C)
Table 2. Results of individual regressions for parametric effects.
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Correlation constant Value
k1 3.85
k2 32.50
k3 198.04
k4 51.98
k5 53.01
k6 −1465.72
Table 3. Correlation constants for Eq. (9).
Figure 12. Parity plot between experimental data and calculated interfacial area.
4. Conclusions
Mass-transfer interfacial area plays an important role in the performance of acid-catalyzed
esterification-based biodiesel production. Increasing the interfacial area enhances rate of
biodiesel production (or rate of free fatty acid conversion). The magnitude of the interfacial
area varies with process parameters, except free fatty acid content in oil feedstock. The
interfacial area increases with increasing reaction temperature, agitation speed, methanol-to-
oil ratio, and catalyst concentration, thus resulting in the increase in biodiesel production rate.
The increase in the biodiesel production rate may or may not be solely attributed to the
available interfacial area. It can be attributed to both reaction kinetics and interfacial area. The
interfacial area is the exclusive contributor to the increase in the biodiesel production rate when
the agitation speed or the methanol-to-oil ratio increases. Both interfacial area and kinetics
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contribute to the enhancement of biodiesel production rate when the reaction temperature or
the catalyst concentration increases.
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